Background: Outcomes after anterior cruciate ligament reconstruction (ACLR) are not uniformly good and are worse among young female athletes. Developing better rehabilitation and return-to-sport training programs and evaluating their outcomes are essential.
in sports involving jumping, cutting, and pivoting, 15, 24 and rates are higher among female versus male athletes in similar sports. 2, 3, 5 Women are also less likely to return to any sport, or to preinjury sport level, after ACL injury and ACL reconstruction (ACLR). 4, 10 When they do return to sport, women are more likely than men to experience a second ACL injury. 21, [38] [39] [40] Moreover, female athletes have poorer functional recovery after ACL injury 25 and lower activity levels than their male counterparts at 2 to 6 years after ACLR. 16, 46 Developing and evaluating rigorous rehabilitation and return-to-sport (RTS) training programs, and comparing outcomes from these programs with those from previously successful cohorts, are essential for improving outcomes among high-level female athletes after ACL injury and ACLR.
Previous work has evaluated extended preoperative rehabilitation and postoperative rehabilitation paradigms on outcomes among athletes after ACLR. Failla et al 17, 18 found superior functional outcomes and higher RTS rates among athletes who participated in extended preoperative rehabilitation including neuromuscular training compared with those who did not. Although a 2018 systematic review determined there is no evidence to support a single, most appropriate rehabilitation protocol after ACLR, 48 clinical practice guidelines 31, 32 exist, and several criterion-based postoperative rehabilitation protocols 1, 11, 28, 35, 50 have been proposed. Two recent articles provide high-quality evidence supporting the use of such criterion-based approaches to achieve objective criteria, including !90% strength and hop test limb symmetry indexes, prior to RTS. 23, 30 Formal rehabilitation, however, typically ends well before athletes achieve these criteria, and athletes often receive RTS clearance without first meeting these, or any, objective criteria. 9, 44 Therefore, training programs to bridge the gap between postoperative rehabilitation, the current standard of care, and achievement of objective criteria may be a critical component to improve outcomes after ACLR.
The Anterior Cruciate Ligament Specialized PostOperative Return-to-Sports (ACL-SPORTS) training protocol was developed to fill this gap by evaluating an RTS training program designed to be completed following postoperative rehabilitation and impairment resolution and prior to testing for clearance for unrestricted participation in sports. Specifically, the ACL-SPORTS randomized controlled trial was designed to test the effect of 10 sessions of strength, agility, plyometric, and secondary prevention (SAPP) exercises with and without the addition of perturbation training (SAPP þ PERT). 49 Among the men of the ACL-SPORTS trial, no significant or meaningful differences were found between SAPP versus SAPP þ PERT training on strength, function, or gait mechanics at pretraining, posttraining, or 1 year or 2 years after ACLR. 7, 8, 12, 13 Across intervention groups, however, the men did exceedingly well, including symmetric functional performance on strength and hop testing, high patient-reported outcome measures, and a 100% RTS rate, with 95% attaining their preinjury level of sport by 2 years after ACLR. [6] [7] [8] Among the women of the ACL-SPORTS trial, no between-group differences were seen at pre-or posttraining time points 7 ; however, the effect of the ACL-SPORTS training program on 1-and 2-year outcomes in women is unknown. The comparative effectiveness of postoperative RTS training versus criterion-based postoperative rehabilitation alone or with the addition of extended preoperative rehabilitation is also unknown.
The purpose of the present study was 2-fold. The study first sought to compare the effect of SAPP versus SAPP þ PERT training on the 1-and 2-year primary clinical outcomes (ie, quadriceps strength, patient-reported outcomes, and single-legged hop testing) in female athletes of the ACL-SPORTS trial. The a priori first hypothesis was that SAPP þ PERT would result in superior outcomes compared with SAPP alone. The second aim was to evaluate the comparative effectiveness of 10 sessions of RTS training on clinical and functional outcomes in young female athletes 2 years after ACLR. The hypothesis for aim 2 was that female athletes who completed postoperative RTS training, compared with those who did not, would have higher functional outcomes and activity levels 2 years after ACLR.
METHODS
This study included both a prospective randomized controlled trial (NCT01773317) and a cohort study; institutional review board approval and written informed consent were obtained for all participants.
ACL-SPORTS Trial
Participants. For the ACL-SPORTS randomized controlled trial, 40 female athletes were enrolled, based on power calculations described previously, 7, 49 at the University of Delaware between December 2011 and January 2017; 2-year follow-up testing was completed by August 2018, at which time the trial ended as initially planned. Athletes were enrolled only if they were 3 to 9 months after primary ACLR (mean ± SD, 6 ± 2 months) and had achieved 80% or greater quadriceps strength index, minimal to no knee effusion, 47 full knee range of motion, and initiation of a running progression. 1 Although preenrollment (preoperative or postoperative) rehabilitation was not controlled, all participants underwent physical therapy and were required to meet objective clinical criteria, consistent with criterion-based rehabilitation, 1 prior to enrollment. Patients with concomitant meniscal injury (including repair and/or partial meniscectomy to one or both menisci at the time of ACLR) were included. Athletes were excluded if they had a previous ACL injury or lower extremity surgery to either knee, had a concomitant grade 3 knee ligament injury or large (>1 cm 2 ) osteochondral defect, were not between ages 13 to 55 years at enrollment, or did not participate regularly (50 hours per year) in jumping, cutting, or pivoting sports prior to ACL injury. Participants completed testing before and after 10 RTS training sessions and at 1 and 2 years after ACLR, as presented in the study flow diagram (Figure 1) . Athletes who sustained a second ACL injury (graft rupture or contralateral injury) prior to follow-up testing were excluded from the analyses of strength, hop testing, and patientreported outcomes to prevent confounding of results.
Methods. Participants were randomized by a research administrator using a random number generator and block randomization, so that an equal number of participants would be allocated to receive SAPP and SAPP þ PERT training. They subsequently completed 10 training sessions (*2 times per week). Athletes in both training groups completed the common elements of the RTS training program, including Nordic hamstrings, standing squats, drop jumps, triple (single-legged) hopping, tuck jumps, and progressive agility drills. Athletes in the SAPP þ PERT group additionally completed 10 sessions of perturbation training, 19, 20 whereas athletes in the SAPP group did a sham exercise using a resistance band. 49 Perturbation training is a specific type of neuromuscular training program where the participant stands on an unstable surface (ie, rollerboard or rockerboard) and a physical therapist applies movements, or perturbations, to the surface; readers may consult Fitzgerald et al 19, 20 and White et al 49 for a more thorough description of perturbation training.
Athletes were tested 1 and 2 years after primary ACLR on the primary outcome measures (SAPP vs SAPP þ PERT training), knee biomechanics during walking (null findings), 14 as well as the secondary outcome measures (quadriceps strength, single-legged hop tests, patient-reported outcomes, and RTS rates). 49 Research physical therapists (J.J.C., J.L.J.) who were blinded to treatment group completed all testing. Isometric quadriceps strength was assessed by use of an isokinetic dynamometer with the knee flexed to 90 and burst superimposition. 45 The uninvolved limb was tested first, followed by the involved limb; approximately 3 trials per limb were recorded, and the highest value for each limb was used to calculate a quadriceps strength limb symmetry index ([Involved Limb Strength O Uninvolved Limb Strength] Â 100%). Participants were subsequently evaluated on 4 hop tests (single, triple, crossover, and timed 6-m). 36 Two trials were averaged for each limb and were used to calculate a limb symmetry index (LSI) for each hop test. Participants also completed several valid and reliable patient-reported outcome measures, including the International Knee Documentation Committee Subjective Knee Evaluation Form (IKDC), 24 Knee injury and Osteoarthritis Outcome Score (KOOS) subscales, 43 Knee Outcome Survey-Activities of Daily Living Subscale (KOS-ADLS), 27 Global Rating Scale of Perceived Function (GRS), 49 and Marx activity rating scale (Marx) . 33 Participants were asked questions at each time point about their participation in sports: (1) Have you returned to sports or recreational activities? (yes/no); and (2) Have you returned to the same level of sports or recreational activities as before your injury? (yes/no). These questions, respectively, were used to calculate RTS rates to any level and their self-reported preinjury level of sport by 2 years (ie, from posttraining through 2 years after ACLR). Participants listed reasons for answering "no" to either RTS question.
Statistical Analyses. Between-group comparisons for quadriceps strength index, hop test LSIs, and patientreported outcome measures 1 and 2 years after ACLR were conducted by use of mixed-measures analysis of variance (ANOVA; a ¼ .05). The Fisher exact test was used to compare the proportion of athletes in each group who had returned to sport by 2 years (a ¼ .05).
Power Calculations. A priori power analysis calculations were based on sagittal plane knee biomechanics and indicated that 36 women were needed to detect a medium effect size (0.3) with b ¼ .20 and a ¼ .05. 49 A secondary power analysis based on the IKDC indicated that 5 participants per group would be sufficient to detect a difference in IKDC scores equivalent to the minimal clinically important difference of 11.5 (power ¼ 0.95, a ¼ .05, effect size of f(V) ¼ 6.44) using a 2 Â 2 ANOVA. 7 
Comparative Effectiveness of ACL-SPORTS, MOON, and Delaware-Oslo Cohorts
Participants. This was a secondary analysis of prospectively collected data acquired through the Multicenter Orthopaedic Outcomes Network (MOON), Delaware-Oslo, and ACL-SPORTS cohorts. Data from the MOON cohort and Delaware-Oslo cohort have been published previously 17, 18 and were used in the present study to evaluate RTS training (ACL-SPORTS cohort) compared with criterion-based postoperative rehabilitation alone (MOON cohort) and extended preoperative rehabilitation plus criterion-based postoperative rehabilitation (Delaware-Oslo cohort). The MOON cohort provides a large database of participants who received standardized postoperative rehabilitation after ACLR 50 and represents standard-of-care treatment for individuals after ACLR within the United States. The DelawareOslo cohort provides a rich data set of individuals who received extended preoperative rehabilitation in addition to criterion-based postoperative rehabilitation; Failla et al 17, 18 found superior 2-year outcomes in the DelawareOslo cohort versus the MOON cohort, which represents best evidence for current rehabilitation practice.
Inclusion and exclusion criteria were applied strictly to each cohort to create homogeneous comparison groups, as described below. Additionally, age was constrained to include only those aged 13 to 24 years at enrollment (ACL-SPORTS) or time of surgery (Delaware Oslo and MOON) to focus on the young female athletes at particularly high risk for poor outcomes after ACLR. 4 50 alone (ie, without extended preoperative rehabilitation or postoperative RTS training) and represented standard of care. Participants in the Delaware-Oslo cohort participated in 10 preoperative rehabilitation sessions consisting of progressive strengthening and neuromuscular training including perturbation training, followed by a criterion-based postoperative rehabilitation program 1 without formal RTS training. Participants in the ACL-SPORTS cohort participated in 10 RTS training sessions consisting of strengthening, agility drills, and plyometric exercises designed to facilitate return to sports participation. Participants in each cohort completed the IKDC, KOOS subscales, and Marx patient-reported outcome measures 2 years after primary ACLR.
Statistical Analyses. Demographic comparisons were made between groups through use of 1-way ANOVA and chi-square tests of proportions for continuous and categorical variables, respectively (a ¼ .05). One-way ANOVAs with post hoc comparisons between groups were used to compare scores on the IKDC, KOOS subscales, and Marx (a ¼ .05). The proportion of athletes in each cohort who met the Patient Acceptable Symptom State (PASS) thresholds for the IKDC and each of the KOOS subscales 34 was calculated and compared among cohorts for each variable through use of chi-square tests of proportions (a ¼ .05).
RESULTS

ACL-SPORTS Results: SAPP Versus SAPP þ PERT Training
Demographic characteristics did not differ between the SAPP and SAPP þ PERT groups (Appendix Table A1 ). No statistically significant or clinically meaningful differences were found between the SAPP and SAPP þ PERT groups on any outcome measure, including quadriceps strength index, LSI on any hop test (single, crossover, triple, 6-m timed), or any functional outcome measure (ie, KOS-ADLS, GRS, IKDC, any KOOS subscale, or the Marx) (Appendix Table A2 ). All athletes (39/39, 100%) returned to sport by 2 years, including 87% (34/39) who returned at their self-reported preinjury level. No between-group differences were found in RTS rates (SAPP, 19/20; SAPP þ PERT, 15/19; P ¼ .182; odds ratio of returning to preinjury sport level, 1.2; 95% CI, 0.9-1.6).
Comparative Effectiveness: ACL-SPORTS, Delaware-Oslo, and MOON Results
There were 431 MOON participants, 39 Delaware-Oslo participants, and 24 ACL-SPORTS participants; not all participants completed every survey. No differences were seen in age, body mass index, preinjury sport level, or medial meniscal treatment among the 3 comparison cohorts; however, differences were noted across groups in time to 2-year follow-up, graft type, and lateral meniscal treatment (Table  1 ). Significant differences were found in all outcome measures, including the Marx, IKDC, KOOS Pain, KOOS Symptoms, KOOS Activities of Daily Living (ADL), KOOS Sports and Recreation (Sports/Rec), and KOOS KneeRelated Quality of Life (QoL), with the ACL-SPORTS cohort having the highest scores across every outcome (Table 2) . Post hoc comparisons revealed that ACL-SPORTS, compared with MOON, had significantly b,c Post hoc comparisons within each group are denoted by superscripts. There are significant differences (P < .05) for each variable between cohorts marked b and c. There is no significant difference between unmarked or similarly marked cohorts.
higher scores across all outcome measures (post hoc P .006); between-group differences exceeded the minimal clinically important difference (MCID) values for the IKDC 26 and KOOS subscales for Symptoms, Sports/Rec, and QoL. 42 The ACL-SPORTS cohort also scored significantly and meaningfully 42 higher on the KOOS QoL (post hoc P ¼ .034) and tended to score higher on the KOOS Sports/Rec (post hoc P ¼ .068) compared with the Delaware-Oslo cohort. The Delaware-Oslo group, compared with the MOON group, had significantly higher scores (post hoc P .035) on the IKDC, KOOS Pain, KOOS Symptoms, and KOOS ADL, although none of these differences exceeded MCID values. 26, 42 Significant differences were found in proportions of participants who met or exceeded ("pass") versus fell below ("fail") the PASS 34 scores for the IKDC, KOOS ADL, and KOOS Sports/Rec (Figure 2) . A lower proportion of MOON participants passed the IKDC PASS cutoff compared with participants in both the Delaware-Oslo (P ¼ .012) and the ACL-SPORTS (P ¼ .038) cohorts. A lower proportion of MOON participants passed the cutoff score for the KOOS ADL subscale PASS compared with both the Delaware-Oslo (P < .001) and ACL-SPORTS (P < .001) cohort participants. A higher proportion of ACL-SPORTS participants passed the KOOS Sports/Rec PASS score versus the proportion of MOON participants who passed (P ¼ .004). No other statistically significant between-group differences were found.
DISCUSSION
This study had 2 main objectives: first, to assess the primary clinical 1-and 2-year outcomes among female athletes in the ACL-SPORTS randomized controlled trial; and, second, to compare 2-year functional outcomes and activity levels among young female athletes who completed a formal RTS training program after ACLR (the ACL-SPORTS cohort) to homogeneous subsets of 2 existing gold-standard ACL cohorts, Delaware-Oslo and MOON. The key findings were that (1) SAPP and SAPP þ PERT training resulted in very high but comparable quadriceps strength, hop test LSI, functional outcomes, activity levels, and RTS rates 2 years after ACLR; and (2) 10 sessions of postoperative RTS training, compared with criterion-based postoperative rehabilitation alone, led to statistically significant and clinically meaningful differences in 2-year functional outcomes among young female athletes after ACLR. The first hypothesis, that the addition of perturbation training would result in superior clinical and functional outcomes, was not supported. The second hypothesis, that the addition of a structured RTS training program would improve outcomes over existing cohorts, was supported. The findings suggest that adding a postoperative RTS training program, incorporating strengthening, agilities, and plyometrics but not necessarily perturbation training, may improve functional outcomes and activity levels among young female athletes after ACLR.
The overwhelming majority of participants in the ACL-SPORTS cohort achieved the PASS thresholds for patients after ACLR, 34 indicating a high likelihood of satisfaction with their postoperative outcomes. Muller and colleagues 34 recently identified PASS threshold scores with sensitivity and specificity values for the IKDC and each KOOS subscale for patients 1 to 5 years after ACLR. The most specific measure was the IKDC, where a score of 75.9 yielded 96% specificity and 83% sensitivity, whereas the most sensitive measure was the KOOS Sports/Rec subscale threshold of 75.0 (88% specificity, 87% sensitivity). 34 In the present study, 96% and 100% of participants in the ACL-SPORTS cohort achieved the thresholds for the IKDC and KOOS Sports/Rec, respectively. In contrast, 95% of Delaware-Oslo and 78% of MOON participants achieved the IKDC PASS threshold, and 90% of the Delaware-Oslo and 78% of MOON cohorts met the KOOS Sports/Rec PASS threshold. Postoperative RTS training may lead to a greater likelihood of successful outcomes among young female athletes after ACLR.
The findings provide a strong model for improving outcomes after ACLR without imposing additional rehabilitation costs, a growing concern in our health care system. 29, 37, 52 Given that perturbation training provided no additional benefit, the common elements of the RTS training protocol (Table 3) , including strength, agility, and plyometric exercises, are likely the only critical components of the training regimen. These critical components include basic strength and conditioning exercises that could be performed within a group setting or under the supervision of a variety of professionals, including athletic trainers and strength and conditioning coaches. The critical components do not require a physical therapist or other rehabilitation specialist. Future studies should explore the effectiveness of delivering the strength, agility, and plyometric exercise components using different models of supervision in various settings outside the confines of a physical therapy clinic.
The ACL-SPORTS protocol also yielded exceptionally high RTS rates, far superior to those previously reported in the literature. According to a 2014 systematic review by Ardern et al, 4 75% of female athletes return to sport after ACLR, and just 52% of women return to their preinjury level of sport after ACLR. In stark contrast, 100% (39/39) of female athletes in the ACL-SPORTS trial returned to sport by 2 years after ACLR, including 87% (34/39) who returned to their preinjury level. Female athletes in the ACL-SPORTS cohort were required to meet stringent, objective criteria, 1 including at least 90% quadriceps strength index and hop test LSI, 36 in order to be cleared by their physical therapist to return to sport. 49 Completing the ACL-SPORTS postoperative RTS training program, which is informed by these criteria, 1, 23, 49 likely facilitated the very high functional performance and RTS rates observed in the ACL-SPORTS participants.
Strengths of the present study include that it was the first to compare (1) RTS training with and without perturbation training on medium-term outcomes in female athletes after ACLR and (2) rehabilitation alone, the current standard of care for patients after ACLR. The present study used homogeneous subsets of 2 highly successful cohorts 17, 18, 22 who received quality, criterion-based postoperative rehabilitation for comparison. The findings also provide a prototype for RTS training that could be implemented in a variety of settings, making its inclusion into standard of care quite feasible.
Limitations should be considered when interpreting the results of the study. A cohort design was used to evaluate RTS training compared with postoperative rehabilitation alone and in combination with extended preoperative rehabilitation, such that cause and effect cannot be determined, and the numbers of participants in each cohort differed greatly. Surgeons and physical therapists also varied across and within studies. Baseline differences in factors such as motivation, function, or activity levels could have affected the findings, but preoperative data are not available for the participants of the ACL-SPORTS trial. Athletes were required to meet objective criteria prior to enrollment in the ACL-SPORTS trial, but the criteria are consistent with the criterion-based rehabilitation programs followed by the athletes in the MOON and Delaware-Oslo cohorts. 1, 50 The ACL-SPORTS enrollment criteria are basic clinical measures, well below those recommended or supported for RTS clearance. 1, 11, 23, 30, 41, 49 Moreover, only 8 of 147 (5%) women who were screened were deemed ineligible because they were unable to resolve these impairments; thus, it is unlikely that requiring patients to achieve these basic clinical milestones dramatically affected the findings. Another consideration is that the comparative analysis included only high-level, female athletes age 13 to 24 years; thus, the findings may not be generalizable to other individuals. The study cohorts, however, were well-matched by age and preinjury sport level, and they address a subset of individuals who are at particularly high risk for poor outcomes after ACLR 4, 10, 16, 21, 25, [38] [39] [40] 46 ; this limitation, therefore, may also be a strength. Additionally, no differences were found between men and women on quadriceps strength index, hop tests, or patient-reported outcomes immediately following completion of the ACL-SPORTS training protocol. 7 Future studies should evaluate the comparative effectiveness of postoperative RTS training in various settings using randomized controlled trials.
CONCLUSION
We found that 10 sessions of postoperative RTS training (ACL-SPORTS), compared with criterion-based postoperative rehabilitation alone (MOON), provided clinically meaningful, higher 2-year functional outcomes among young level Values are presented as mean ± SD for continuous variables and as patient numbers for other variables. Allo, allograft; BPTB, bonepatellar tendon-bone autograft; BMI, body mass index; hamstring, hamstring autograft; SAPP, strength, agility, plyometric, and secondary prevention; SAPP þ PERT, SAPP with perturbation training. Values for 1-year and 2-year results are presented as mean ± SD. No main effects of group or interaction effects of Group Â Time were found; however, main effects of time were found for the 6-m timed hop, IKDC, KOOS Pain, and KOOS QoL. There were 13 SAPP and 13 SAPP þ PERT participants for quadriceps index, 12 SAPP and 12 SAPP þ PERT participants for each hop test, and 14 SAPP and 14 SAPP þ PERT participants for each patient-reported outcome measure who had complete data at both 1 and 2 years and who did not sustain a reinjury and were thus included in the primary analyses (2 Â 2 analyses of variance). ADL, Activities of Daily Living; IKDC, International Knee Documentation Committee Subjective Knee Evaluation Form; KOOS, Knee injury and Osteoarthritis Outcome Score; KOS-ADLS, Knee Outcome Survey-Activities of Daily Living Subscale; LSI, Limb Symmetry Index; Marx, Marx activity rating scale; QoL, Knee-Related Quality of Life; SAPP, strength, agility, plyometric, and secondary prevention; SAPP þ PERT, SAPP with perturbation training; Sports/Rec, Sports and Recreation.
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